Teratozoospermia is generally associated with clinical infertility. Despite numerous studies, the molecular mechanisms underlying male infertility are still poorly understood. In the present study, we demonstrated that deletion of Spata46, a gene encoding a novel protein of unknown function found in mouse testis, was responsible for male subfertility, and the cause of subfertility was characterized as abnormal sperm head shape and a failure of sperm-egg fusion. We also demonstrated that SPATA46 was expressed predominantly in condensed spermatids, with a highly specific localization restricted to the subacrosomal area; the protein is located at the nuclear membrane due to a transmembrane region in the N-terminus of the protein. At the subcellular level, SPATA46-deficient condensed spermatids displayed structural defects consisting of a discontinuous nuclear envelope and a cavity in the nucleus associated with an abnormal nuclear shape. Additionally, in vitro, we determined that the absence of SPATA46 led to accumulation of sperm around the perivitelline space of eggs, and the same phenomenon was also observed for natural sperm incubated with an anti-SPATA46 antibody, suggesting functional relevance of SPATA46 for sperm-egg fusion. Taken together, these results indicated that SPATA46 is a novel protein involved in reshaping of the sperm head and sperm-egg fusion. nuclear shaping, Spata46, sperm-egg fusion, spermiogenesis, subfertility
INTRODUCTION
Spermatogenesis is a developmental process involving proliferation and differentiation, in which spermatogonia undergo mitosis, meiosis, and spermiogenesis to become nature sperm [1] [2] [3] . During spermiogenesis, round spermatids are transported across the adluminal compartment, and differentiation from round haploid spermatids to elongated condensed spermatids is initiated, so that mature spermatozoa line up near the luminal edge to prepare for spermiation [4] . These cellular events require elaborate reshaping of the nucleus and development of specific structures, including apical ectoplasmic specialization (ES) and the acroplaxome and manchette.
Apical ES, the checkpoint at the Sertoli-spermatid interface for developing step 8-16 spermatids, allows spermatids to be transferred to the adluminal compartment under the condition of good quality [5, 6] . The sculpting of the sperm nuclear shape is facilitated by an important cell-specific cytoskeletal structure, the manchette, which is a transient microtubule structure that encircles the distal part of the spermatid nucleus during the initial steps of elongation [7] . Manchette and acroplaxome dysfunction result in dysmorphic sperm heads [8, 9] . Therefore, the normal structures are essential for producing competent sperm that are able to penetrate the cumulus oophorus and zona pellucida to successfully fuse with the oolemma. Any significant deviation from spermiogenesis will result in teratozoospermia and a poor fertilization rate [8] . Although many studies on nuclear shaping and sperm-egg fusion have been conducted, it remains a challenging task to fully understand the underlying molecular mechanism.
In our previous work, we identified 2058 up-regulated genes that were detected in a gradually increasing manner during the developmental stages of the mouse testis [10] . One of the 2058 genes is 1700015E13Rik or C1orf111. We named it Spata46 (spermatogenesis associated 46) according to the nomenclature of the HUGO Gene Nomenclature Committee (HGNC) [11] . The Spata46 resides on mouse chromosome 1, at 1H3, and contains two exons. The 612-bp mRNA is predicted to produce a 204-amino-acid polypeptide with a molecular weight of 23 kDa. SPATA46 is conserved across mammalian species (i.e., rat, cattle, chimpanzee, and human).
In this study, we characterized the expression pattern, as well as the location of SPATA46, and elucidated its function(s) in vivo and in vitro using a knockout mouse model. We demonstrated that SPATA46 is a transmembrane protein that is specifically expressed in elongated spermatids and mature sperm and participates in sperm-egg fusion. Lack of Spata46 in males causes a damaged shape of the sperm head in mice.
MATERIALS AND METHODS

Animals
C57BL/6J mice were purchased from the Southern Medical University Animal Center, China. All animals were housed and fed according to the Guide for the Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources for the National Research Council. This study was approved by the Ethics Committee of Peking University Shenzhen Hospital.
RT-PCR and Quantitative RT-PCR Analyses
Total RNA was extracted from mouse and human tissues using TRIzol (Invitrogen), following the manufacturer's directions; cDNA synthesis was carried out with the Prime ScriptTM RT Master kit (Takara). Quantitative RT-PCR (RT-qPCR) was performed using Takara EmeraldAmp PCR Master Mix (Takara), with primers specific for mouse and human Spata46, and b-Actin was employed as an endogenous control. The program for all PCR assays was as follows: 988C for 2 min, followed by 32 cycles of 988C for 10 sec, 608C for 30 sec, and 728C for 30 sec, with a final extension at 728C for 5 min. RT-qPCR was performed in a reaction mixture whose components came from the SYBR Premix EX TaqTM IIPCR Kit (Takara), in MicroAmp Optical 96-Well Reaction Plates, according to the manufacturer's instructions, in the Roche Lightcycler 480 Real-Time PCR System. The reactions were performed using the following program: 958C for 2 min, followed by 45 cycles of 958C for 10 sec and 608C for 30 sec and holding at 128C. b-Actin was used as an internal control. The data were calculated according to the Applied Biosystems comparative Ct method. The gene-specific primers were as follows: mouseSpata46, 5 0 -CCGGCCCTGGTTTTCCCCTTAC-3 0 (forward) and 5 0 -CCTCTGCCCTCTTCTCGGTCCAC-3 0 (reverse); human-SPATA46, 5 0 -GAAGCTGAGGCGGAACTGCACTAT-3 0 (forward) and 5 0 -TGGGGAG GAA GAG GA C GAA C AGA T-3 0 ( r e v e r se ) ; m ou s e-b-Ac ti n , 5 0 -GGCTGTATTCCCCTCCATCG-3 0 (forward), and 5 0 -CCAGTTGGTAA CAATGCCATGT-3 0 (reverse); and human-b-ACTIN, 5 0 -CCTTGCA CATGCCGGAG-3 0 (forward) and 5 0 -GCACAGAGCCTCGCCTT-3 0 (reverse).
Western Blot Analysis
Proteins were extracted using RIPA Lysis Buffer (Beyotime Biotechnology) and quantified with the Pierce BCA Protein Assay Kit (Thermo Scientific). After denaturation at 1058C for 10 min, the samples were electrophoresed through 10% SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and transferred to Immobilon PVDF membranes (Millipore). The membranes were subsequently blocked with 5% nonfat dry milk powder in TBST (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tween 20) . Anti-C1ORF111 (1:500, ab153905; Abcam), anti-C1ORF111 (1:500, NBP-15640, Novus), and mouse monoclonal anti-b-ACTIN (1:1000, sc-376421; Santa Cruz) were applied overnight at 48C, followed by incubation with HRP-conjugated goat anti-rabbit IgG (1:5000, lp1001a; Abgent) and HRP-conjugated goat anti-mouse IgG (1:5000, lp1002a; Abgent) for 1 h at room temperature. Positive bands were detected using an ECL kit (Thermo Scientific).
FIG. 1. Distribution of SPATA46 in mouse and human tissues.
A) The presence of Spata46 mRNA was evaluated in various tissues from adult mice and humans via RT-PCR. Spata46 mRNA was exclusively detected in the mouse and human testis. b-Actin was amplified as an internal control. B) The testicular Spata46 mRNA expression profile was tested at the indicated time points after birth using RT-qPCR. Spata46 mRNA expression was acutely increased at 3 wk. Data are presented as the mean 6 SD (n ¼ 5). C) Testes sections from the indicated time points and mature sperm were subjected to immune-fluorescent microscopy using an anti-SPATA46 antibody (green), PNA (red), and Hoechst staining (blue), as described in Materials and Methods. SPATA46 signals were initially detectable in the postnatal third week and remained to adulthood. SPATA46 was expressed mainly in elongated spermatids and mature sperm. The protein was located throughout the subacrosomal area and closed to the nucleus, as observed in images of mature sperm. Bar ¼ 10 lm.
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Histology and Immunofluorescence Microscopy
Testes sections, with a thickness of 3-5 lm, sectioned with an Ultra-Thin Semiautomatic Microtome (Leica), were stained with hematoxylin and eosin (H&E) after being fixed with Bouin solution, dehydrated, paraffin embedded, sectioned, and deparaffinized according to standard procedures. The results were visualized using a Leica microscope.
For immunofluorescence staining, testes were dehydrated in a gradient of sucrose, followed by being embedded with O.C.T. compound (Sakura) and directly fixed in liquid nitrogen. Then the testes were sectioned at a thickness of 5 lm with Freezing Microtome (Leica). The subsequent immunofluorescence staining of the testis sections was performed as described previously [12, 13] . Nuclei were visualized by staining with Hoechst 33342 (Invitrogen). The results were visualized via laser scanning confocal microscopy (Zeiss).
Generation of Knockout Mice
Spata46 knockout mice were generated at inGenious Targeting Laboratory, Inc. (New York, NY), using conventional knockout technology. Exons 1 and 2 of the gene were replaced with a LoxP/FRT flanked NEO cassette, which abolished Spata46 expression and instead permitted expression of the reporter gene Neomycin.
Assessment of Fertility
To determine the fertility of the animals, a male was mated with two females. The female mouse was separated from the male after the formation of a normal vaginal plug was detected. The numbers of offspring produced per female were recorded, and 30 days of breeding time was calculated. The mean values for each genotype combination were plotted, and statistical analysis using ANOVA was performed with SPSS19.0. Values of P , 0.01 were considered to be significant.
Electron Microscopy
Adult mice testes and sperm samples from Spata46
À/À and wild-type (WT) animals were fixed in 0.1 M phosphate buffer (pH 7.3) containing 2.5%
FIG. 2.
Spermatid-specific expression of SPATA46 in mouse testes. Spermatogenic cells were isolated and stained with an anti-SPATA46 antibody. Immunofluorescent staining showed that SPATA46 was specifically expressed from steps 9 to 16 as indicated with white arrows. RS, round spermatid; ES, elongating spermatid; ECS, elongating and condensing spermatid; CS, condensed spermatid. Bar ¼ 10 lm.
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glutaraldehyde overnight. Sample preparation and processing were performed by the Electron Microscopy Laboratory of Southern Medical University. Scanning electron microscopy (SEM) was performed on a Hitachi S-4800 scanning electron microscope, and transmission electron microscopy imaging was conducted on a Hitachi HT7700 transmission electron microscope.
Cell Culture, Transfections, and Immunofluorescence Microscopy COS7 cells were grown in Dulbecco modified Eagle medium (Life Technologies) supplemented with 10% fetal bovine serum (Sigma) and 1% Pen/Strep (Invitrogen) and then transiently transfected with the Cter-EGFPtagged SPATA46 (gene ID: 76925, NM_001039593.1), Cter-EGFP-tagged SPATA46-Mut (the region of amino acids [aa] 16-33, SSALSAFPDIMS-SLATSL, was mutated to alanines) or/and Nter-pDsRed2-tagged SUN5 (gene ID: 76407, NM_029599.1) fusion plasmids in various combination, using the ViaFect Transfection Reagent (Promega) according to the manufacturer's instructions. Two days after transfection, the transfected cells were fixed with 4% PFA and then stained with Hoechst 33342. The results were visualized via laser scanning confocal microscopy.
In Vitro Fertilization Assays
Mouse sperm were collected from the cauda epididymidis and capacitated in vitro for 1.5 h in a 200-ll drop of human tubal fluid (HTF; Millipore) with 10% BSA medium, covered with mineral oil (Sigma). Eight-to 10-wk-old C57BL/6J females were superovulated via i.p. injection of 7.5 units pregnant mare serum gonadotropin (Sigma), followed by i.p. injection of 7.5 units of human chorionic gonadotropin (hCG; Sigma) 48 h later. The eggs were collected from the swollen ampullae 13 h after hCG injection and then washed and stored in HTF until insemination. Thereafter, cumulus-intact eggs were inseminated with 1 3 10 6 WT or Spata46 À/À sperm per milliliter for 6 h at 378C under 5% CO 2 , then placed in drops of M16 medium (Sigma) with 10% BSA, and undisturbed cultivation was performed for 1 day. Developing embryos were determined microscopically based on the progression to the two-cell stage.
For the zona-free-egg sperm penetration assay, eggs were collected in the same manner. After being freed from cumulus cells with hyaluronidase (75 U/ ml) in HTF, the zona pellucida was removed in a 100-ll drop of acidic Tyrode solution (75 U/ml) and immediately washed using drops of HTF and placed in new drops of HTF. The following operations were the same as above. Then, after 6 h of insemination of eggs with sperm (0 h), the eggs were incubated in Hoechst 33342 for 5 min to ensure that all bound (original sperm head shape) and fused (enlarged round shape) sperm would be stained with the dye. By this time, enlarged sperm heads could be observed when fusion occurred. Assessment of fusion was performed in the manner described previously [14] .
Statistical Analysis
All assays were repeated at least three times. Statistical analyses were evaluated using SPSS19.0. The data are presented as the mean 6 SD. The statistical significance of differences in mean values was assessed by the Student t-test. The values of P , 0.05 were considered to be statistically significant.
RESULTS
Expression and Location of Spata46 in Mouse Testes
The distribution of Spata46 mRNA in various tissues of mice and humans was detected via RT-qPCR. As shown in Figure 1A , Spata46 was exclusively expressed in the testis, which coincided with EST profile in the Unigene database (Ssc.28337). In addition, RT-qPCR analysis of testes obtained from juvenile and adult mice indicated that Spata46 mRNA was sharply increased in the third week postnatal, with the first wave of spermatogenesis, just before the initiation of elongation, and the expression was gradually increased until the adult stage (Fig. 1B) .
Immunofluorescence analysis was carried out to identify the initial expression and location of SPATA46 during mouse testis development. In the 3-wk testis, weak staining was first observed in elongating spermatids, and this staining was stronger in the condensed spermatids of 4-wk and 8-wk testes (Fig. 1C) . Finally, triple staining of mature sperm from cauda epididymidis with anti-SPATA46 antibody, PNA (to visualize the out membrane of acrosome), and Hoechst stain demonstrated that the SPATA46 protein was located throughout the subacrosomal area (Fig. 1C) .
To determine the localization of the protein in different germ cell types, stage-specific spermatogenic cells were isolated as described previously [15, 16] and stained with the anti-SPATA46 antibody. It was observed that SPATA46 was initially expressed at step 9 in spermatids, in which the nuclei are oblong and begin the elongation process (Fig. 2, ES) . In steps 10-16 in spermatids and mature sperm, SPATA46 was always present and covered most of the dorsal segment of the nucleus (Figs. 1C and 2) , suggesting that the protein has a potential functional role in the process of nuclear deformation.
To determine the localization of SPATA46 more accurately, we constructed pEGFP-C1-SPATA46 and pDsRed2-N1-SUN5. SUN5, also known as SPAG4L, a member of the SUN family, is localized to the inner nuclear membrane of round spermatids [17, 18] . The fusion plasmids were transiently cotransfected into the COS7 cell line. The results showed that SPATA46 formed a nuclear rim-like pattern very similar to that of SUN5 (Fig. 3A) . Then pEGFP-C1-SPATA46-Mut (MUT) was constructed, in which a possible transmembrane region (aa 16-33, SSALSAFPDIMSSLATSL, in the Nterminus of SPATA46) was mutated to 18 alanines. The MUT fusion protein mislocalized and diffused in the cytoplasm and nucleus in the examined cells (Fig. 3B) , suggesting that the presence of the targeted residues (aa 16-33 of SPATA46) is important for the localization of SPATA46 in the nuclear envelope.
SPATA46 Deficiency Impaired Sperm Shape and Fertility
To further verify the function of SPATA46, we generated Spata46 gene-disrupted mice carrying a homozygous Spata46 knockout allele (subsequently referred to as Spata46 À/À ) using conventional knockout technology, in which exons 1 and 2 of Spata46 were replaced (Fig. 4A) . RT-PCR and Western blot analysis further confirmed the successful elimination of the Spata46 gene in Spata46 À/À mice (Fig. 4 , B and C).
Spata46
À/À mice appeared healthy and grossly normal. Mating tests involving one male per pair of females revealed that Spata46 þ/À male mice showed similar fertility to Spata46 þ/þ mice; however, Spata46 À/À males (but not females) exhibited a subfertile capacity (Table 1) . To determine the cause of the deficiency of fertility, we examined the male reproductive system. First, the weight and size of the testis did not significantly differ among WT, heterozygous, and 
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homozygous mice (Fig. 5, A and B) , nor did the sperm count or sperm motility (data not shown). H&E staining of testis sections revealed that the morphology of spermatogenic cells was similar between WT and Spata46 À/À testes (Fig. 5C ). However, Hoechst-stained cauda sperm from Spata46 À/À mice presented various morphological defects (data not shown), and SEM analysis revealed mainly hammer-or axe-like shapes among the misshapen sperm from the Spata46 À/À cauda, compared with the hook-shaped spermatozoa present in WT mice (Fig. 5E ). Misshapen heads occurred at a much higher rate compared with WT and heterozygous mice (Fig. 5D ).
Spata46
À/À Elongated Spermatids Showed Nuclear Envelope and Nuclear Shape Defects Normal tadpole-like sperm are crucial for sperm-egg recognition and subsequent fusion. The formation of the species-specific shape takes place in the middle stages of spermiogenesis, during which the acroplaxome and manchette are formed [16, [19] [20] [21] [22] . The manchette derives from a perinuclear ring adjacent to the marginal ring of the acroplaxome, which comprises the leading edge of the acrosome sac and a narrow dense plaque (MC in Fig. 5A ). The nuclear envelope in the subacrosomal region appears thickened due to the formation of a bridging structure known as the nuclear dense lamina (NDL in Fig. 6A ).
In fact, extranuclear shaping structures such as the manchette and acrosome were present and of normal appearance in step 9-10 spermatids from Spata46 À/À testes (Fig. 6B, insert 2) . However, a vacuole had formed in the acroplaxome of the spermatids (Fig. 6C, insert 3) , and their nuclei were beginning to show slight deformity (Fig. 6, B and  C) . Based on observations of the acrosome, we verified the hypothesis that the acrosome reaction was undamaged in þ/þ and Spata46 þ/À mice, the frequency of head malformation (also shown in E) in sperm from Spata46 À/À mice was significantly increased. A total of 450-550 sperm from five animals per genotype were evaluated. Analysis of statistical significance indicated a significantly higher frequency of malformed sperm heads in the Spata46 À/À sperm samples (*compared with Spata46 þ/þ mice, P 0.01). E) SEM imaging of mature sperm confirmed head malformation in Spata46 À/À mice. Bar ¼ 1 lm. 
À/À sperm in the above in vitro fertilization (IVF) experiment. In the condensed spermatids and cauda sperm of Spata46 À/À males, it became apparent that there was a focal failure to form a continuous nuclear envelope on the flank of the nuclei, and an abnormal gap appeared to form (Fig. 6 , E and F).
SPATA46 Participated in Sperm-Egg Fusion
To further assess the cause of the observed decline in fertility, a series of IVF assays were performed. Cumulus-intact eggs from WT females were inseminated with cauda sperm from WT and Spata46 À/À mice for 6 h, and the eggs were then placed in new drops of culture medium for undisturbed cultivation, and two-cell embryos were photographed 24 h later. In contrast to WT sperm, the defective sperm penetrated the zona pellucida and accumulated in the perivitelline space of the eggs (Fig. 7A, 0 h ). As shown in Figure 7B , the two-cell cleavage rate was scored 24 h after insemination (mean 6 SD ¼ 77.6 6 7% in WT sperm and 16.5 6 3% in Spata46 À/À sperm). Fertilization rates were significantly lower for the sperm from Spata46 À/À mice, consistent with the low numbers of offspring produced by these males in the natural mating experiment. During the IVF experiments, it was noted that cumulus mass surrounding eggs was removed by Spata46 À/À sperm (Fig. 7A) , suggesting that the acrosome reaction of Spata46 À/À sperm was undamaged.
Gametogamy can be considered to occur through two distinct fusion steps: the binging of the sperm plasma membrane to that of the egg and actual membrane fusion [23] . We next performed a zona-free-egg sperm penetration assay to examine whether the Spata46 À/À sperm plasma membrane could bind to the membrane of the egg and whether actual membrane fusion was perfect. In this system, eggs from which the zona pellucida had been mechanically removed using acidic Tyrode solution [14] were incubated with sperm from WT and Spata46 À/À male mice for 2 h. The results showed that Spata46 À/À sperm accumulated in the perivitelline space of the eggs (Fig. 7C) . The same phenomenon was observed for WT sperm incubated with anti-SPATA46 IgG (data not shown), suggesting that SPATA46 participates in sperm-egg fusion. However, polyspermy occurred in the eggs incubated with WT sperm (Fig. 7C) . As shown in Figure 7D , the observed ratios of fused sperm per egg were 3.2 and 0.7 in two cases (P , 0.01).
DISCUSSION
Damaged shape of the sperm head or sperm-egg interaction disorder is generally associated with fertility defects [24] [25] [26] . Although the physiological features of the sperm are understood, the cellular and molecular pathways underlying the formation and action of sperm remain elusive. In this study, À/À testis. The structures of the acrosomes and acroplaxome were correctly assembled on surface of the NDL. However, the nuclei began to show slight deformity. Inset 2) The same shaping structures were shown in the same developmental step. Inset 3) An aberrant cavity (*) formed in the acroplaxome. D-F) The examination of cauda sperm from WT and Spata46 À/À males indicated that SPATA46-deficient sperm behaved highly abnormally; for example, the nuclear membrane did not conform closely to the nuclear outline, and an invagination remained in the nucleus (N); however, they contained normally condensed chromatin showing normal intense staining of the nuclear material. Bar ¼ 1 lm.
SPATA46 IS ASSOCIATED WITH MALE SUBFERTILITY IN MICE
we identified a novel uncharacterized gene, Spata46, which plays an important role in spermiogenesis and fertilization. Such findings help to illustrate the molecular mechanisms underlying male infertility in mice.
To explore the functions of SPATA46 in male fertility, we first sought to identify its expression pattern in the testis. The present study revealed that Spata46 may be restricted to the process of spermiogenesis, as the first wave of spermatogenesis FIG. 7 . Decreased fertilization rate in Spata46 knockout male mice. A, B) When cumulus-intact WT eggs were inseminated with caudal sperm, many sperm from Spata46 À/À mice (not those from WT mice) accumulated in the perivitelline space of the eggs after 6 h of insemination (0 h). The two-cell cleavage rate at 24 h in Spata46 À/À mice (16.5 6 3%) was significantly lower than in WT mice (77.6 6 7%) (P , 0.001). Bar ¼ 400 lm. C, D) After 6 h of insemination of zona-free eggs with caudal sperm, the eggs were stained with Hoechst 33342, and the average number of fused sperm (arrow) was calculated. The average number of fused sperm from Spata46 À/À mice (0.7 6 0.2) was significantly lower compared with those from WT mice (3.2 6 0.3) (*P , 0.01). Bar ¼ 50 lm.
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occurs at 3 wk [27] . The results of immunofluorescent staining of germ cells showed a similar temporal expression pattern as that in mRNA level, and SPATA46 was located primarily in the subacrosome area in stage 9-16 spermatids and cauda sperm. In these stages, spermatids begin to elongate, and the manchette is formed [28] . Overexpression of SPATA46 and Mut in cultured cells demonstrated that SPATA46 was a nuclear membrane protein. The presence of SPATA46 at the nuclear membrane was consistent with its putative cellular localization predicted on the basis of its aa sequence. All of these findings suggested that SPATA46 is involved in the shaping of spermatid nuclei. Such expression and localization may be important factors in the morphological transition of spermatids. However, the specific functions of the protein are not clear.
Knockout animal models are an important tool for analyzing the function of genes related to spermatid differentiation [29] . During the morphological translation of the spermatids, a redundant nuclear envelope is formed, and the nuclear pores are redistributed, accompanied by a great reduction of the nuclear volume and transport of redundant cytoplasm [30, 31] . Using Spata46
À/À mice, we demonstrate that SPATA46 is crucial for male fertility. Spata46 À/À male mice displayed normal sexual behavior, testicular weight, and sperm motility. However, Spata46
À/À male mice exhibited teratospermia, and their condensed spermatids showed a lack of coherence of the nuclear membrane, of which phenotypes were similar to the Parp11 À/À male mice [32] . The acroplaxome extended beneath the acrosome, and a large fraction of the spermatid acroplaxomes formed abnormal vacuoles in the knockout mice, particularly in regions that were likely experiencing strong extranuclear physical forces exerted by the manchette during the process of nuclear shaping. The abnormalities of these membranes and acroplaxomes might explain the abnormal sperm shape.
To date, only three proteins associated with sperm-egg fusion have been convincingly identified in gene-disrupted mice: CD9 [33] and JUNO [34] in egg and IZUMO1 [26] in sperm. IZUMO1 (named after a Japanese marriage shrine), which is hidden beneath the acrosome, interacts with JUNO (named after the Roman goddess of fertility and marriage) after the acrosome reaction and mediates sperm-egg fusion [35, 36] . Izumo1-deficient male mice are infertile because their sperm cannot fuse with eggs, with concomitant accumulation of Izumo1 À/À sperm being observed in the perivitelline space of the eggs [26] . Interestingly, Spata46 À/À sperm exhibited a similar phenomenon, as tested via the IVF and zona-free-egg sperm penetration assays. Although their sperm counts and sperm motility were normal, Spata46 À/À male mice were subfertile, and only a few sperm exhibited the capacity to fuse with oocytes in vivo, possibly because SPATA46 indirectly participates in sperm-egg fusion. Why does the disruption of Spata46 result in male subfertility rather than infertility? Sperm-egg fusion is an extraordinarily complex process involving various regulatory factors, and IZUMO1 contains only a single Ig-like domain structurally, suggesting that IZUMO1 might act via additional interacting proteins. Furthermore, it is unlikely that SPATA46 contains an Ig-like domain because it shows no sequence similarity to the known Ig or extracellular sequences of Izumo1, suggesting that SPATA46 may interact with either IZUMO1 or other proteins.
In summary, the present study for the first time demonstrated that SPATA46, a novel nuclear membrane protein in spermatids, was essential for spermiogenesis in mice. The deficiency of SPATA46 impaired male fertility, which may relate to the deformed sperm head and the lower rates of spermegg fusion. However, its molecular mechanism needs to be further studied in the future.
